to high caudal-medial gradient (Simeone et al., 1992a (Simeone et al., , 1992b has a primary role in patterning of the neocortex into Opposite changes are found in heterozygous Emx2 defined areas. Therefore, we made mice with an Emx2 knockout mice. Fgf8 expression in the commissural transgene driven by promoter elements of the nestin plate of nestin-Emx2 mice is indistinguishable from gene (ne), resulting in its expression being limited to the wild-type, but Pax6 expression is downregulated in same progenitors and the same time frame as endogerostral cortical progenitors, suggesting that EMX2 renous Emx2 in wild-type (wt) cortex. We complement pression of PAX6 specification of rostral identities these gain-of-function studies with analyses of heterocontributes to reduced rostral areas. We conclude that zygous Emx2 knockout mice. Our analyses are focused EMX2 levels in cortical progenitors disproportionately on primary cortical areas because they can be clearly specify sizes and positions of primary cortical areas. 
E13.5 and telencephalon at E15.5, ages that encompass most of cortical neurogenesis, reveals in wt and neEmx2 mice a 1.7 kb band corresponding to endogenous Emx2 mRNA; an additional 1 kb band corresponding to transgene Emx2 mRNA is observed only in ne-Emx2 mice ( Figure 1E ). Densitometry of Northern blots indicates that transgene expression in homozygous neEmx2 mice is about half that of endogenous Emx2, and in heterozygous ne-Emx2 mice the level is about a quarter.
The ne vector drives expression across the neocortical VZ in the same progenitors that normally express Emx2 over a similar period of development (Emx2, Simeone et al., 1992a, 1992b; nestin, Dahlstrand et al., 1995; nestin transgene, Ringstedt et al., 1998; Magdaleno et al., 2002). To localize expression, in situ hybridization was performed on sections through forebrain of wt and ne-Emx2 mice using an Emx2 riboprobe at successive days from E10.5 to E15.5 ( Figure 1F and data not shown; also Figures 7A and 7B). Figure 1F illustrates expression at E14.5, a peak of cortical neurogenesis, of endogenous Emx2 in wt and combined expression of endogenous and transgene Emx2 in ne-Emx2 mice. In wt, Emx2 transcripts are distributed in a high caudomedial to low rostrolateral gradient in the cortical VZ, and a low expression is detected in the ganglionic eminence. In ne-Emx2 mice, a high caudomedial to low rostrolateral gradient of Emx2 transcripts is evident in the cortical VZ, and expression is higher than that in wt ( Figure  1F ). Enhanced Emx2 expression is also evident in the bryos. Blots hybridized with a 32 P-labeled Emx2 cRNA probe reveal (B) ne-Emx2 expression construct (see the Experimental Procein wt and ne-Emx2 mice a 1.7 kb band that corresponds to endogedures). The transcription start site of the transgene is indicated by nous Emx2 mRNA and a 1 kb band in ne-Emx2 mice only that a horizontal arrow; vertical arrows show the locations of primers that corresponds to the Emx2 transgene mRNA. Relative levels of Emx2 were used for PCR genotyping and for RT-PCR mRNA detection. expression were quantified by densitometry. Emx2 transgene levels (C) PCR genotyping ne-Emx2 mice. Genomic DNA was PCR amplirelative to endogenous Emx2 expression are as follows: homozyfied for the transgene-specific fragment and fractionated by agarose gous ne-Emx2 mice, E11.5, 42% Ϯ 2% SEM; E13.5, 39% Ϯ 3%; gel electrophoresis. Results from six mice are shown. Line 4 reveals E15.5, 48% Ϯ 2%; heterozygous ne-Emx2 mice, E15.5, 26% Ϯ 1%. the 0.59 bp transgene-specific PCR product, identifying integration (F) Emx2 expression in wt and ne-Emx2 mice. In situ hybridization of the transgene. All other lines are wt. M, DNA marker. on coronal sections through forebrain of E14.5 wt and ne-Emx2 (D) Qualitative RT-PCR analysis of ne-Emx2 transgene expression. mice using 35 S-labeled riboprobes for full-length coding region of RT-PCR was performed with DNase-treated RNA extracted from Emx2. Panels are overlays using dark field with a red filter to view E15.5 and E14.5 mouse brain. The primer that was used for reverse silver grains and UV fluorescence to view DAPI counterstain. Emx2 transcription (RT) was Emx2 specific, and the nested primers for expression is normally graded high medial/low lateral in the ventricutwo subsequent PCR amplifications were Emx2 specific (antisense lar zone (VZ) of neocortex (nCx) but has limited or no expression primers) and nestin specific (sense primer), leading to amplification elsewhere. In ne-Emx2 mice, Emx2 is more highly expressed in the of a ne-Emx2 transgene-specific fragment. RT-PCR products were cortical VZ and ganglionic eminence (GE) and is expressed in other separated by agarose gel electrophoresis. (Lane 1) Control RT-PCR proliferative zones that normally do not express Emx2 but do exreaction performed with RNA template extracted from wt forebrain; press nestin, e.g., the VZ of dorsal thalamus (dTh). In wt and neno unspecific amplification product is present. 
ganglionic eminence of ne-Emx2 mice, and moderate
To quantify the rostral shift of S1 in ne-Emx2 mice, we plotted the position of the C3 barrel, located near expression is detected in other nestin-positive proliferative zones, such as in dTh, where expression is not the center of PMBSF. C3 is positioned more rostrally and laterally in ne-Emx2 mice than in wt ( Figure 3E ; detected in wt ( Figure 1F) . Figure 4D ), and its area is increased 52% relative to S1 Is Reduced in Size and Shifts Rostrally and Laterally in ne-Emx2 Cortex overall cortical area ( Figure 4E ). The rostral border of V1 shifts rostrally, whereas its caudal border remains We predicted that Emx2 overexpression would result in a reduced size of S1 and a rostral and lateral shift in fixed near the caudal flexure of the hemisphere. A1 is also significantly shifted rostrally and laterally in homoits location ( Figure 1A) . To delineate S1, we performed cytochrome oxydase (CO) histochemistry on tangential zygous ne-Emx2 mice compared to wt ( Figure 4F ). Positions of A1 in the two populations do not overlap along sections through flattened cortices of P7 wt and neEmx2 mice to reveal the body representation in S1 that either cortical axis. These data show that the primary sensory areas exhibit disproportionate changes in their parallels its functional organization (Figure 3 ) (WongRiley and Welt, 1980). S1 is significantly reduced in size sizes in ne-Emx2 mice compared to wt, with S1 decreasing and V1 increasing, and the primary sensory areas, and shifted rostrally in ne-Emx2 mice compared to wt ( Figure 3A ; Table 1 ). To assess S1 size, we measured including A1, shift rostrally and laterally (Table 1) . the area of the posteromedial barrel subfield (PMBSF), the representation in S1 of large facial whiskers, and Disproportionate Changes in Motor and Visual cad8 Domains in ne-Emx2 Cortex related it to the area of the entire neocortex. PMBSF is 25% smaller in ne-Emx2 mice compared to wt (Figure To address whether cortical plate neurons exhibit changes in positional, or areal, identities, we analyzed 3B; Table 1 ). The CO-negative cortical field rostral to S1, where motor areas are located, is significantly rethe expression pattern of cadherin8 (cad8), a cell adhesion protein expressed by cortical plate neurons in patduced in ne-Emx2 mice ( Figure 3C ; Table 1), whereas the cortical field caudal to S1, where visual areas are terns that mark V1 and the motor area in postnatal mice (Suzuki et al., 1997). Because the cad8 expression dolocated, is significantly increased ( Figure 3D ; Table 1 ). Table 1 ). In heterozygous ne-Emx2 of the motor and V1 cad8 domains ( Figure 5B ). The motor cad8 domain is 36% smaller in ne-Emx2 mice mice, V1 length is 16% greater than in wt ( Figure 4D ), and V1 area is increased 25% ( Figure 4E ). In addition, compared to wt ( Figure 5B ; Table 1 ), whereas the V1 cad8 domain is 24% larger ( Figure 5C ; Table 1 Table 1 ). These findings indicate that caudal neocortex is particularly sensitive to Emx2 eny, including cortical plate neurons. These disproportionate changes in cad8 domains in ne-Emx2 mice are overexpression and support the suggestion that EMX2 preferentially imparts caudal area identities. consistent with our CO (Figure 3 ) and serotonin ( Figure  4 ) analyses that show that the frontal (motor) cortical field rostral to S1 is decreased in ne-Emx2 mice and Fgf8 Expression in the Commissural Plate that the occipital (visual) cortical field caudal to S1, as Is Normal in ne-Emx2 Mice well as V1 itself, are increased (Table 1) Table 1 for  summary. its expression domain and at later ages in a rostral shift The Fgf8 expression domain in the commissural plate has the same appearance, both in size and level of of S1. They conclude that EMX2 does not directly control arealization but acts solely by repressing Fgf8 expresexpression, in transverse sections through the telencephalon in wt and ne-Emx2 mice at E10.5 (data not sion in the commissural plate. Therefore, we examined in wt and ne-Emx2 mice the relationships between exshown) and E12.5 ( Figures 6H, 6I , 6K, and 6L) and in pression of Fgf8, nestin, and Emx2 in transverse forebrain sections on consecutive days from E9.5 to E12.5 and Fgf8 expression in the commissural plate in whole mounts at E9.5 and E10.5 (Figure 6) . At E9.5, a low to moderate level of nestin immunostaining is observed throughout most of the telencephalic wall, but a much lower level of nestin staining is observed in the Fgf8 domain in the commissural plate ( Figures 6A-6CЈ) . By E10.5, nestin staining is stronger in the telencephalon and includes the Fgf8 domain (Figures 6D-6F ). This overlap in nestin immunostaining and the Fgf8 domain persists at E11.5 (data not shown) and E12.5 (Figures 6G-6I) . In wt mice of these ages, Emx2 expression is not detected in the Fgf8 domain, although we find strong Emx2 expression dorsal to it (data not shown).
In contrast, in ne-Emx2 mice, the relationship of Emx2 expression to the Fgf8 domain in the commissural plate parallels that of nestin immunostaining, since nestin promoter elements drive expression of the Emx2 transgene. As a result, in ne-Emx2 mice at E9.5, Emx2 expression 
(data not shown). (G-I) Adjacent coronal sections through Fgf8 domain in the cp of E12.5 wt. Nestin immunostaining (G), Fgf8 in situ hybridization (H), and nestin immunostaining (brown) with Fgf8 in situ hybridization (blue) (arrowheads mark same points in [G]-[I]). E12.5 analyzed, n ϭ 7. (J-L) Adjacent coronal sections through Fgf8 domain in the cp of E12.5 ne-Emx2 mice. Emx2 in situ (J), Fgf8 in situ (K), and nestin immunostaining (brown) with Fgf8 in situ (blue) (L) (arrowheads mark same points in [J]-[L]). Scale bar in (L) is 100 m for (G)-(L). ne-Emx2

t test). is, isthmus. Scale bar in (NЈ) is 500 m for (MЈ) and (NЈ). (O and P) Dorsal views of embryo heads of E10.5 wt (O) and ne-Emx2 homozygous (P). np, nasal pit; mx, maxillary component of the first pharyngeal arch. Scale bar in (P) is 500 m for (O) and (P). (OЈ and PЈ) Midline views of E10.5 wt (OЈ) and ne-Emx2 homozygous (PЈ) brains.
The lengths of the Fgf8 domain in the cp in wt (n ϭ 4 hemispheres, 2 brains) and ne-Emx2 homo (n ϭ 6 hemispheres, 3 brains) are 541.0 Ϯ 4.8 and 529.9 Ϯ 9.0 m, respectively; the difference is not significant (p ϭ 0.155; unpaired Student's t test). rp, roof plate. Scale bar in (PЈ) is 500 m for (OЈ) and (PЈ).
brain whole mounts at E9.5 (Figures 6M-6NЈ) Figure 7) , when the first neocortical neurons are generated, and at E12.5 and E15.5 (data not shown). In wt and ne-Emx2 mice, Emx2 has a high caudal to low rostral graded expression in the cortical VZ (Figures 7A and 7B) . In contrast, the low caudal to high rostral graded expression of Pax6 in the cortical VZ of wt ( Figure 7C ) is flattened in ne-Emx2 mice, due to diminished expression rostrally, where Pax6 expression is normally strongest (Figure 7D ; data not shown). We detect no difference in expression of Lhx2 ( Figures  7E and 7F) or COUP-TF1 (data not shown) in ne-Emx2 cortex.
To quantify relative gradients of Pax6 and Emx2 expression in the VZ of wt and ne-Emx2 neocortex, we counted silver grains at equivalent positions along the rostral-caudal axis of sagittal sections through E10.5 neocortex. A robust high rostral to low caudal gradient of Pax6 and an opposing high caudal to low rostral gradient of Emx2 are evident in wt ( Figure 7G ). In neEmx2 mice, Emx2 retains a robust high caudal to low rostral graded expression, whereas the slope of Pax6 expression is flattened ( Figure 7H ). This apparent repression of Pax6 by Emx2 overexpression in ne-Emx2 mice could contribute to the reduced sizes and rostral shifts of rostral areas, such as motor and S1.
Heterozygous Emx2 Knockout Mice Have Opposite Changes in Primary Areas to Those in ne-Emx2 Mice
To test whether a decrease in Emx2 expression influences primary cortical areas in an opposing manner to increasing Emx2 levels ( Figure 8A ), we performed on heterozygous Emx2 ϩ/Ϫ knockout mice and wt littermates analyses similar to those that were performed on neEmx2 mice. Northern blot analysis of telencephalon at E12.5, E13.5, and E15.5 reveals in wt and Emx2 ϩ/Ϫ mice a 1.7 kb band that corresponds to endogenous Emx2 mRNA; densitometry indicates that Emx2 expression is dally and medially in Emx2 ϩ/Ϫ mice than in wt, but these changes do not achieve statistical significance ( Figure  8J ; Table 2 ). The present study does not suffer from these caveats, because cortical size and TCA pathfinding are normal as increasing Emx2 expression.
in ne-Emx2 mice and Emx2 ϩ/Ϫ mice, and Fgf8 expression in ne-Emx2 mice is indistinguishable from wt. We Discussion show that in ne-Emx2 mice the primary sensory and motor cortical areas have disproportionate changes in EMX2 Levels in Cortical Progenitors Disproportionately Control Sizes their sizes and shifts in position compared to wt ( Figure  1A ). V1, a caudomedial area, is significantly increased and Positioning of Primary Cortical Areas Emx2 is expressed highest in progenitors that generate in size, whereas rostral areas S1 and motor are significantly reduced in size, and all three areas shift rostrally; caudal-medial areas of neocortex, such as V1, and lowest in progenitors that generate rostral and lateral areas, S1 and A1 shift laterally as well as rostrally. We also find significant changes in the size and positioning of V1 and such as S1 and motor (Simeone et al., 1992a, 1992b modestly increased in size and shifted caudally, and S1 specifies the expression of guidance molecules that control area-specific targeting of TCAs that are preis shifted medially, but only the effects on motor area size and S1 position are significant. We conclude that sumed to act in the subplate ( Therefore, our data demonstrate that changes in arealization in ne-Emx2 mice are not due to repression of Fgf8 expression. Instead, the disproportionate changes in sizes of primary cortical areas and shifts in their positions in ne-Emx2 mice must be due to the direct and combined effect of endogenous Emx2 and the Emx2 transgene in progenitors in the cortical VZ. This conclusion is supported by our findings that caudal primary areas V1 and A1 exhibit size changes and shifts in position in heterozygous ne-Emx2 mice intermediate to wt and homozygous ne-Emx2 mice, whereas rostral areas, such as S1, do not have significant changes; this selective effect on caudal areas is difficult to reconcile with a mechanism by which EMX2 acts solely by repressing Fgf8 in the rostrally located commissural plate.
Complementary Actions of EMX2, PAX6, and Other Regulatory Proteins in Arealization
Diminishing endogenous FGF levels "rescues" shifts of in rostral VZ of ne-Emx2 mice would diminish its influence in imparting rostral area identities and thereby contribute to the reduced sizes and shifts of rostral areas are consistent with a model in which FGF8 regulates the motor and S1 in ne-Emx2 mice ( Figure 9C ). level of graded Emx2 expression in cortical progenitors, and EMX2 specifies the shift of S1 directly and/or by repressing Pax6.
Model of Areal Patterning of the Neocortex
The "combinatorial code model" of neuronal specificaHowever, Fukuchi-Shimogori and Grove (2003) conclude that EMX2 does not directly control arealization tion defined in the developing ventral spinal cord has become the dominant mechanism for specification of but solely acts indirectly by repressing Fgf8 expression
